Measles virus was grown in HEp-2 cells and purified by sedimentation on potassium tartrate gradients. The virus formed a sharp band at a density of ~'23 (g/cm3). Treatment with sodium deoxycholate disrupted measles virus particles, releasing virus nucleocapsids which sedimented at approximately 28o S and were resistant to pancreatic ribonuclease. Equilibrium density sedimentation of nucleocapsids in CsC1 gave a visible band at a density of I"3o (g/cm3). The E28o/E26o ratio of dissociated nucleocapsids was 0.88, consistent with an RNA content of 5"o ~. RNA extracted from purified virus and nucleocapsid had a sedimentation coefficient of 52 to 54 S in sucrose density gradients and a tool. wt. of 6"4 × I o G when fractionated on polyacrylamide-agarose gels. The polypeptides of purified virus and nucleocapsid were separated by polyacrylamide gel electrophoresis. The intact virus particles contained six polypeptides of tool. wts. 75 600, 69ooo, 6oooo, 53ooo, 51ooo and 457oo. The nucleocapsid contained a single polypeptide of mol. wt. 6 × Io 4.
INTRODUCTION
Information about the structure of measles virus has been limited mainly to morphological studies (Norrby & Magnusson, 1965; Finch & Gibbs, I968; Nakai, Shand & Howatson, I969) . The virus is known to consist of a nucleocapsid surrounded by a lipid-containing envelope and has been classified as a paramyxovirus largely on the basis of its morphology (Waterson, I962 ) . Norrby et al. (I964) showed that the infective virus contains RNA and more recently Schluederberg (t97I) demonstrated that the size of the RNA was similar to that of the paramyxoviruses. Recent interest in measles virus has been stimulated by the observation that it may have an etiological relationship with certain neurological diseases, in particular subacute sclerosing panencephalitis (SSPE) (Connolly et al. I967; Baublis & Payne, I968) and multiple sclerosis (Pette, I968) . It has been suggested that these diseases may be associated with persistent or chronic infections. Before embarking on a biochemical study of chronically infected cells, however, we have sought to establish the chief characteristics of the virus nucleic acid and protein.
This report describes the chemical and physical characteristics of measles virus particles and nucleocapsid and establishes the principal features of the RNA and protein components.
METHODS
Cell cultures. Human epithelial carcinoma cells (HEp-2) were grown as monolayers in Roux bottles in Eagle's medium supplemented with Io ~ (v/v) bovine serum, Io ~ (v/v) tryptose phosphate broth and antibiotics (penicillin, streptomycin and polymyxin) each at 50 units/ml.
Virus. The EDMONSTON B strain of measles virus, originally obtained from Glaxo Laboratories, was used in all experiments. Although initially passed in V 3 A cells, it has been adapted to grow in HEp-2 cells and was supplied to us by Dr E. Gould, Department of Microbiology, Queen's University, Belfast. Stock virus consisted of tissue-culture medium collected daily from infected cultures over a 5-day period, and stored at -70 °C in the presence of 5 serum.
Virus production. Monolayers of HEp-2 cells were washed with PBS and infected with ~o ml of stock virusat an input multiplicity of o.oI p.f.u./cell.
After a 2 h absorption at 37 °C the residual inoculum was removed and the cells washed with PBS and 25 ml of Eagle's medium added. At 24 h intervals the medium was renewed until the cell monolayer began to disintegrate by about 5 days. The combined virus suspensions were stored at -7o °C.
Virus assay
Plaque assay. Monolayers of HEp-z cells were grown in Petri dishes in an atmosphere of 5 ~ CO2 in air. A o.z ml vol. of each virus dilution was inoculated into each of two cultures and after an absorption period of 2 h at 37 °C the cells were overlaid with 5 ml of 0"9 Oxoid agar in Eagle's medium containing 2 ~ (v/v) bovine serum. Five days after inoculation a second layer of agar containing o.oo25 ~ neutral red was added and plaques counted after a total incubation period of Io days.
Assay of virus haemagglutinin (HA). Serial twofold dilutions of virus preparations were
made in Veronal buffer, in o-2 ml vol. An equal vol. of I ~ rhesus monkey erythrocytes suspended in the same buffer was added. The end-point of the reaction was read after incubation for 3o min at 37 °C and was taken as the reciprocal of the highest final dilution showing partial haemagglutination.
Isotopic labelling of virus. Virus was grown in the presence of 25/~Ci/ml pH]-uridine (specific activity 5I Ci]m-mol) in Eagle's medium supplemented with 2 ~ (v/v) bovine serum or in Earle's saline containing 2/~Ci/ml [14C]-amino acids (protein hydrolysate; specific activity 57 mCi/m-atom), 2 #Ci/ml pH]-glucosamine Uo Ci/m-mol) or 4 #Ci/ml [asS]-methionine (23 Ci/m-mol). In each case the radioactive medium was renewed at 24 h intervals for a period of 3 days after infection.
Purification of virus.
All steps in the procedure were carried out at 4 °C. Cell debris was removed from the infected tissue culture fluid by centrifuging at loooog for 30 min in a MSE 'x8' centrifuge. The virus was pelleted from the supernatant fluid at 6oooog for I h in a MSE '65' centrifuge. Pellets were suspended in o'oo5 M-tris-HC1 (pH 7"4), o.oot M-EDTA (TE buffer) and treated with ultrasonic vibrations for 20 s at an amplitude of 8 #m (peak to peak) using an MSE 'IOO w' ultrasonic disintegrator. The suspension was clarified by centrifuging at IOooog for 5 min and the supernatant applied to a preformed I5 to 4o ~ (w/w) potassium tartrate gradient in TE buffer. Gradients were centrifuged at 9oooog for 3 h and the opalescent band of virus was collected. The virus was centrifuged on a second I5 to 40 ~ (w/w) potassium tartrate gradient and fractions containing virus were collected and dialysed against de-ionized distilled water for 6 h. Purified virus was either used directly or pelleted at 6oooog for I h.
Isolation ofnucleocapsid. Purified virus was suspended in 0.8 ml TE buffer and adjusted to 0"5 ~ with sodium deoxycholate (DOC) as described by Kingsbury, Portner & Darlington (197o) and the nucleocapsid component isolated by two methods. Treated virus samples were applied to linear I5 to 30 ~ (w/w) sucrose gradients in TE buffer containing o'5 ~ DOC I77 and centrifuged at 9oooog for I h. Ribosome monomers isolated from BHK cells were used as internal markers for estimation of' the sedimentation coefficient of the nucleocapsid component. In the second method, nucleocapsid was isolated as described by Mountcastle et al. (I97o) . DOC-treated virus was layered onto a discontinuous gradient containing 2.o ml of4o ~ (w/w) CsC1, 5"0 ml of3o ~ (w/~ 0 CsC1, 5"o ml of 25 ~ CsC1 and 2.0 ml of Io ~ (w/v) sucrose in TE buffer (to separate the detergent from the gradient.) Gradients were centrifuged at 85ooog for 3 h and a faintly visible band of nucleocapsid in the 3o ~ CsC1 region was collected. The nucleocapsid fractions were mixed with 5 ml of 3o ~ (w]w) CsCI and centrifuged to equilibrium at I6oooog" for I6 h; o'4 ml fractions were collected from the bottom of the tube and the refractive indicies measured in an Abbe refractometer (Model 60). The buoyant densities were obtained from a calibration of density versus refractive index.
Isolation andfractionation of RNA. Purified virus orn ucleocapsid was suspended in o.oi M-tris-HC1 (pH 7"4), o-I M-NaC1, o.ooI M-EDTA (NTE buffer), containing o'5 ~ sodium dodecyl sulphate (SDS). Samples were fractionated directly by two methods.
Sucrose gradient sedimentation. Samples of I.o ml were layered onto 2o ml linear 15 to 3o ~ (w/w) sucrose gradients in NTE buffer containing o'5 ~ (w/v) SDS. Gradients were centrifuged at 5oooog for 14 h at 2o °C. One ml fractions were collected from the bottom of the tube and RNA recovered from them by precipitation with 2 vol. of ethanol and 25o #g yeast RNA/fraction. The precipitates were dissolved in NTE buffer and 3 vol. of 5 ~ trichloroacetic acid added. The precipitates were collected by centrifuging at rooog for 5 min and washed once in 5 ~ TCA. They were dissolved in o.2 ml o.2 ~-NaOH and I5 ml Bray's liquid scintillation fluid added (Bray, I96o ) .
Electrophoresis on polyacrylamide-agarose gels was carried out on 2.o ~ acrylamide-0"4 ~ agarose gels as described by Clements & Martin (I97I) . Gels were scanned using a Joyce-Loebl u.v. scanner and cut immediately into I mm slices at room temperature using a gel slicer (Mickle Co., Gomshall, Surrey). Slices were treated with o.2 ml H~O2 in sealed vials at 60 °C for r 4 h and then I5 ml of Bray's scintillation fluid added. Radioactivity was measured in a Packard Liquid Scintillation Counter, No. 3o22.
Protein fractionation. Virus and nucleocapsid polypeptides were prepared for polyacrylamide gel electrophoresis by a similar method to that described by Schulze (I97o). Pelleted preparations of virus were resuspended in o.2 ml of NTE buffer and solubilized by the addition of urea to o.8 M, SDS to I'o ~ and 2-mercaptoethanol to 2.o ~, followed by incubation for 2o min at 37 °C and 2 min at Ioo °C. Solubilization was followed dialysis overnight by against o'o4 M-phosphate buffer (pH 7"4) containing o.8 M-urea, o'I ~ SDS and 0"2 ~oo 2-mercaptoethanol.
Polyacrylamide gel electrophoresis. This was performed by a modification of the method described by Johnston & Martin (I97I) . Gels were prepared from a solution containing 7"5 ~ acrylamide, 0"24 ~oo N,N'-methylene bisacrylamide, o.I ~ SDS, 0"5 M-urea, 0"375 M-tris-HC1 (pH 8"9) and o'o3 ~o N,N,N',N'-tetramethylethylenediamine (TEMED). Polymerization was carried out by the addition of freshly prepared o-I ~ ammonium persulphate to form gels 8 cm in length. Electrophoresis was continued at room temperature for 2 h at 6 mA/gel. The reservoir buffer contained o'05 M-urea, o.I ~ SDS and 0"025 M-tris adjusted to pH 8"3 with glycine. Gels were removed from the plastic tubes under water pressure and those containing radioactively labelled protein were frozen at -2o °C and cut into I mm slices. These were placed in sealed vials containing o.2 ml H202 and solubilized by heating at 60 °C for I6 h. Spectrophotometric assays. The disintegration of the virus particles was estimated by the decrease in opalescence of the DOC-treated virus suspension and was measured spectrophotometrically at 55o nm. The u.v. extinction spectrum of purified nucleocapsid was determined. The contribution from light scattering was minimized by dissociation of the particles with o'5 ~ SDS (Compans & Choppin, I967) . Extinctions were measured over the range 240 to 320 nm and an average E28o/E26o ratio was obtained from five preparations of nucleocapsid.
In both assays extinctions were determined using 0.2 ml cuvettes in a Unicam SP 5oo spectrophotometer.
Electron microscopy. Samples of virus and nucleocapsid were placed on carbon-coated Formvar grids, dried and negatively stained with 2.0 ~ potassium phosphotungstate, pH 7"o. Grids were examined in an AEI electron microscope. We are grateful to Dr S. E. Dermott, Microbiology Department, Queen's University, Belfast, for preparing grids and taking the electron micrographs of intact virus shown in this paper.
Materials. Radioisotopes were obtained from the Radiochemical Centre, Amersham, Buckinghamshire. Yeast RNA was obtained from Sigma Chemical Company. The rhesus monkey blood was kindly supplied by Mr H. O'Neill of the Microbiology Department, Queen's University, Belfast. Eagle's medium was purchased from Burroughs Wellcome Ltd., Beckenham.
RESULTS

Characteristics of virus particles
Measles virus was concentrated from tissue culture fluid by differential centrifuging and the pellets resuspended in TE buffer. Samples of crude virus were overlaid on 2o ml potassium tartrate (I 5 to 4o ~ (w/w) gradients and centrifuged at 9oooog for 3 h. The distribution of virus infectivity, HA, radioactivity and E260 is shown in Fig. I . The low tool. wt. material on top of the gradient could result from virus breakdown or residual cellular contaminants. The virus was further purified by centrifuging in tartrate and over 8o ~ of the original infectivity was retained at this stage of the purification. The buoyant density of the particles was determined by refractometry and use of a calibration plot of density (determined by weighing) versus the refractive index. The buoyant density of infectious virus was found to be t.23 g/cm 3.
Virus particles were collected from tartrate gradients by centrifuging and resuspended samples applied to grids for electron-microscopic examination. Fig. 2 shows that the particles are highly pleomorphic, with diameters ranging from x2o to 27o nm. The majority of the particles appeared to be disrupted during grid preparation, which confirms previous reports on the instability of the paramyxoviruses to negative staining procedures (Waterson, I962; Choppin & Stoeckenius, I964) .
Character&tics of virus nucleocapsid
Treatment of virus with DOC
Sodium deoxycholate has been shown to release nucleocapsids from Newcastle disease virus (NDV) (Kingsbury & Darlington, I968 ) 
Sucrose gradient sedimentation of nucleocapsids
Centrifuging of DOC-treated [ZH] measles virus on I5 to 30 ~ (w/w) sucrose gradients gave a radioactive component which sedimented at approximately 28o S relative to BHK ribosome monomers (8o S) centrifuged in the same way. The remaining radioactivity sedimented slowly and heterogeneously and some HA activity was present at the top of the gradient (Fig. 3 a) . Incubation of the disrupted virus particles with pancreatic ribonuclease before sedimentation had no effect on either the sedimentation or radioactivity of the 280 S component but rendered the slowly sedimenting species acid soluble (Fig. 3 b) . Treatment of disrupted virus particles with SDS is seen to solubilize the 28o S component and only slowly sedimenting RNA species are present (Fig. 3 c) . 
Isolation of nucleocapsids in CsCI gradients
Centrifuging of DOC-treated virus particles on a discontinuous CsC1 gradient produced a band of nucleocapsid in the 3o ~ (w/w) region. The band was removed, mixed with 3o ~ (w/w) CsC1 and centrifuged for I6 h at I6oooog. Fig. 4 shows the presence of a single band of nucleocapsid with a density of I'3o g/cm z.
Electron microscopy
Nucleocapsid preparations from either sucrose or CsC1 gradients were pelleted and resuspended samples examined by electron microscopy. Fig. 5 shows nucleocapsids having the characteristic herring-bone appearance. Most nucleocapsids are seen to be fragmented and pieces vary in size from several turns of the helix to longer than z #m. The average diameter of the internal component is I6 nm and the hollow core when viewed along the short axis of the structure measures 5 nm.
Ultraviolet extinction spectrum of nucleocapsids
The u.v. extinction spectrum (Fig. 6) shows a minimum at approximately 25 ° nm and a broad maximum between 260 and 265 nm. This resembles the extinction spectrum of tobacco mosaic virus (TMV) (Bonhoeffer & Schachman, I96o), Newcastle disease virus (NDV) nucleocapsid (Kingsbury & Darlington, I968) and parainfluenza SV 5 nucleocapsid (Compans & Choppin, 1967 
Characteristics of virus RNA Sucrose gradient sedimentation
RNA was isolated from purified [3HI measles virus as described under Methods and sedimented on sucrose gradients in the presence of BHK ribosomal RNA. Fig. 7(a) shows that purified virus yields two components, one sedimenting at 52 to 54 S and the other at 4 S. Both are rendered acid-soluble by pancreatic ribonuclease. The 52 to 54 S species is considered to be intact virus RNA. The relative amounts of the two components vary from different preparations, and, as yet, it is unknown if the 4 S material represents a product of intact virus RNA degradation or is of cellular origin. Similar slowly sedimenting RNA species were observed by Duesberg & Robinson 0965) in NDV and by Robinson, Pitkanen & Rubin (r965) in Rous sarcoma virus.
Nucleocapsids were prepared and purified by sedimentation in CsC1 gradients. After dialysis against de-ionized distilled water, RNA was extracted and sedimented on sucrose gradients. Fig. 7(b) shows that the main component sedimented at 52 to 54 S and the minor component was absent. 
Acrylamide-agarose gel electrophoresis
Electrophoresis of RNA through acrylamide gels provides an accurate method of determining tool. wts. (Bishop, Claybrook & Spiegelman, I967; Loening, I969) . Measles virus RNA has been examined in the presence of BHK ribosomal RNA and we have assumed that the mol. wts. are the same as those reported by Petermann & Pavlolec (1966) for Jensen sarcoma cell 28 S and 18 S RNA. Fig. 8 shows that measles virus RNA moved as a sharp peak corresponding to a mol. wt. of 6"4 × Io 6.
Characteristics of virus proteins
Virus was grown in the presence of p4C]-amino acids or [zsS]-methionine and purified virus and nucleocapsid prepared. Both kinds of particles were disrupted as described under Methods and applied to 7"5 ~ acrylamide gels. Fig. 9a shows that the intact virus contains at least six polypeptides (P I to 6) of mol. wts. 75 6oo, 69 ooo, 6o ooo, 53 ooo, 51 ooo and 45 7oo, respectively. When virus was grown in the presence of [aH]-glucosamine, only two of the proteins appear to be labelled, as shown in Fig. 9 (b) . Preliminary results indicate that these correspond to the polypeptides P 2 and P 4-The profile obtained for nucleocapsids is shown in Fig. Io . Only a single polypeptide is present having a mol. wt. of 6oooo. The [asS]-methionine profile shows a small peak migrating faster than the major polypeptide. This appeared in only one of three independent preparations of [35S]-labelled nucleocapsid and not at all in three preparations labelled with p~C]-amino acids. Although it is likely that this minor peak is an experimental artifact, it is possible that this could represent a second polypeptide which can very occasionally remain associated with the nucleocapsid. 
DISCUSSION
We have described the main physical and chemical characteristics of measles virus. Table 1 compares our results with those of other morphologically similar viruses which are members of the paramyxovirus group.
Measles virus contains single stranded RNA which sediments at 52 to 54 S and has a mol. wt. of 6"4 x to 6. The RNAs of SV 5 (Compans & Choppin, 1968) , NDV (Duesberg & Robinson, I965) , Sendal (Barry & Bukrinskaya, 1968) and mumps virus (East & Kingsbury, 1971 ) all sedimented at approximately 5 ° S. As far as we are aware, the only other report on the size of measles virus RNA is by Schluederberg (I971), who showed it to have a sedimentation coefficient of 52.2 S in a direct comparison with the 50 S RNA of SV 5.
Preparations of RNA from virus particles show varying amounts of ribonuclease-sensitive material remaining at the top of sucrose gradients. It is not known whether this is of virus or cellular origin but it is interesting to note that RNA isolated from purified nucleocapsid contains only the 52 to 54 S component.
Table I also demonstrates that there is similarity in the remaining properties of virus nucleocapsids and we conclude that these are sufficient to justify the classification of measles virus as a member of the paramyxovirus group. These results are in agreement with a recent report by Norrby & Hammarskj/31d (1972) 
